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functional interdependence of adrenocortical
and chromaffin cell system in vivo
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Catecholamines are produced in the medulla of the adrenal gland and
may participate in the intraglandular regulation of its cortex. We
analyzed the adrenal structure and function of albino tyrosine hy-
droxylase-null (TH-null) mice that are deficient in adrenal catechol-
amine production. Adrenal catecholamines were markedly reduced,
and catecholamine histofluorescence was abrogated in 15-day-old
TH-null mice. Chromaffin cell structure was strikingly altered at the
ultrastructural level with a depletion of chromaffin vesicles and an
increase in rough endoplasmic reticulum compared with wild-type
mice. Remaining chromaffin vesicles lined up proximally to the cell
membrane in preparation for exocytosis providing a “string-of-
pearls” appearance. There was a 5-fold increase in the expression of
proenkephalin mRNA (502.8 + 142% vs. 100 + 17.5%, P = 0.016) and
a 2-fold increase in the expression of neuropeptide Y (213.4 + 41.2%
vs. 100 = 59.9%, P = 0.014) in the TH-null animals as determined by
quantitative TagMan (Perkin—Elmer) PCR. Accordingly, immunofluo-
rescence for met-enkephalin and neuropeptide tyrosine in these
animals was strongly enhanced. The expression of phenylethano-
lamine N-methyl transferase and chromogranin B mRNA was similar
in TH-null and wild-type mice. In TH-null mice, adrenocortical cells
were characterized by an increase in liposomes and by tubular
mitochondria with reduced internal membranes, suggesting a hypo-
functional state of these steroid-producing cells. In accordance with
these findings, plasma corticosterone levels were decreased. Plasma
ACTH levels were not significantly different in TH-null mice. In
conclusion, both the adrenomedullary and adrenocortical systems
demonstrate structural and functional changes in catecholamine-
deficient TH-null mice, underscoring the great importance of the
functional interdependence of these systems in vivo.

Within the adrenal gland, the adrenomedullary and adre-
nocortical systems are linked functionally as well as
anatomically. Evidence obtained from in vitro studies has led to
the suggestion that intact intraadrenal cellular communication is
crucial for the functioning of both endocrine systems in the gland
(1-3). Thus, signaling between the two compartments is consid-
ered to be reciprocal: adrenocortical glucocorticoids regulate
the expression of catecholaminergic enzymes including tyrosine
hydroxylase (TH) (4), dopamine-B-hydroxylase (DBH) (5), phe-
nylethanolamine-N-methyltransferase (PNMT) (6, 7), and neu-
ropeptides produced by chromaffin cells (1, 8). Conversely,
catecholamines and neuropeptides produced by the adrenal
medulla regulate adrenocortical steroidogenesis (1, 9-11). Data
supporting the notion of reciprocal control are as follows: basal
cortisol production is 10 times higher in bovine adrenocortical
cells cocultured with chromaffin cells than in cultures of pure
adrenocortical cells (12). Therefore this interaction is of rele-
vance to the capacity of the cortex to produce glucocorticoids.
Epinephrine, a major medullary catecholamine, stimulates the
expression of adrenocortical cytochrome P450 enzymes in bo-
vine adrenocortical cells in primary culture (13, 14). Splanchnic
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nerve stimulation of isolated perfused porcine adrenal glands
elicits the release of catecholamines followed by secretion of
adrenal steroids (15). In addition to catecholamines, chromaffin
cells produce and secrete a wide variety of neurotransmitters,
neuropeptides, and proteins (16). The major soluble proteins in
chromaffin vesicles are the chromogranins, with chromogranin
B being the dominant chromogranin in mice (17). Neuropeptides
such as enkephalins and neuropeptide tyrosine (NPY) are
produced in chromaffin cells, and there is evidence that the
expression and release of these peptides are linked with the
synthesis and storage of catecholamines (18, 19).

Catecholamine-deficient mice, which lack the key catalytic
enzyme, TH, offer the opportunity to look for alterations in
these cellular interactions in vivo. The mouse pups examined for
this study lacked both TH and tyrosinase, enzymes that catalyze
the conversion of tyrosine to dihydroxyphenylalanine (DOPA)
(TH in the catecholamine synthetic pathway and tyrosinase for
the synthesis of melanin). We have found that absence of both
enzymes is necessary to eliminate catecholamines almost com-
pletely (20). This study examined the functional, structural, and
molecular changes of both the adrenomedullary and the adre-
nocortical systems in these mice.

Materials and Methods

Mice. Albino (tyrosinase-null) TH-null mice of both sexes were
examined for this study. The mice that lack functional TH and
tyrosinase, both enzymes that catalyze the conversion of tyrosine to
DOPA, were generated as described previously (20). The mice
examined for this study were the offspring of tyrosinase-null albino
mice that were heterozygous for the TH-null allele. Because most
embryos that are homozygous for the TH-null mutation die before
birth because of lack of catecholamines (20-22), the mutant
embryos were rescued until birth by supplying the pregnant dams
with the catecholamine precursor, L-DOPA (Sigma). The pregnant
females were provided with L-DOPA in the drinking water at a
concentration of 1.0 mg/ml from embryonic day 8.5 until birth.
Water containing the drug was shielded from light, changed daily,
and included 0.25% ascorbic acid to reduce oxidation. Adminis-
tration of the catecholamine precursor was discontinued at time of
birth. The L-DOPA supplement rescues about 90% of expected
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numbers of albino TH-null mice until birth, after which they can
survive for up to 3 weeks without additional treatment (20). The
TH genotypes were identified by PCR analysis by using DNA
isolated from tail samples. All mice were maintained according to
National Institutes of Health guidelines, and the National Institute
of Neurological Disorders and Stroke animal care and use com-
mittee approved all procedures.

Glyoxylic Acid-Induced Catecholamine Histofluorescence. Cate-
cholamine-containing chromaffin cells were identified by using the
glyoxylic acid histofluorescence method (23). Ten-micrometer-
thick cryostat sections of fresh frozen adrenal tissues were dipped
in a solution containing 1% glyoxylic acid, 0.2 M potassium
phosphate, and 0.2 M sucrose, pH 7.4. Sections were dried, heated
to 95°C for 2.5 min, then coverslipped in mineral oil before viewing.

Catecholamine histofluorescence was analyzed at postnatal
(P) days 0, 1, 2, 3, 6, and 8.

Immunohistochemistry. All immunohistochemical analyses were
performed at P15. Animals were perfused through the left ventricle
with 4% paraformaldehyde in 0.1 M phosphate buffer for 10 min.
Adrenal glands were dissected and immersed in fixative for an
additional hour at room temperature, rinsed in PBS, and then
equilibrated with 30% sucrose in 0.1 M phosphate buffer at 4°C.
Ten-micrometer cryostat sections were incubated for 1 h at room
temperature in dilution buffer containing 2% BSA, 0.3% Triton
X-100, and 0.1% sodium azide in PBS. Sections were then incu-
bated overnight with the following primary antisera in dilution
buffer: rabbit anti-human protein gene product (PGP) 9.5 (Accu-
rate Scientific, Westbury, NY), rabbit anti-NPY (Amersham Phar-
macia Biotech), and rabbit anti-met-enkalphin (M-Enk) (Immuno
Nuclear, Stillwater, MN). Sections were subsequently rinsed in PBS,
incubated with secondary antisera conjugated to Oregon green 514
(Molecular Probes) or lissamine rhodamine (Jackson ImmunoRe-
search) for 2 hours at room temperature, rinsed in PBS, and
coverslipped with 50% glycerol in PBS.

Morphometric Analysis. Serial sections of the entire adrenals were
made by using a Cryostat of 3 TH-null and 3 wild-type (WT) mice
at P15 and were stained with hematoxylin. Morphometric analysis
of the size of the sections was performed by using a computer-
supported imaging system connected to a light microscope (ANAL-
YSIS PRO 2.11, Soft Imaging, Miinster, Germany). The area of a
series of sections was measured in triplicate for each section. The
mean area of the three largest sections was evaluated to give an
approximation of the longest diameter in each gland.

Electron Microscopy. Adrenal glands were removed, dissected, and
fixed for 3 h in 2% formaldehyde and 2% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.3. Tissue slices were postfixed for 90 min
(2% OsO4 in 0.1 M cacodylate buffer, pH 7.3), dehydrated in
ethanol, and embedded in epoxy resin. Ultrathin sections were
stained with uranyl acetate and lead citrate and examined at 80 kV
in a Philips (Eindhoven, The Netherlands) CM 10. Adrenals of
TH-null and WT mice were analyzed on P15 in 3 different animals
of each group.

Proenkephalin, NPY, Chromogranin B, and PNMT mRNA Expression. To
quantify expression of NPY, chromogranin B, proenkephalin,
and PNMT mRNA, we applied the technique of Real Time
Quantitative PCR (TagMan PCR, Perkin-Elmer) (24) by using
the 7700 Sequence Detector (Perkin—Elmer).

Total RNA was isolated from the adrenal glands of TH-null mice
and WT mice by using the RNeasy kit (Qiagen, Chatsworth, CA).
Traces of DNA were removed by digestion with RNase free DNase
A (Boehringer). A one-step reverse transcription-PCR (RT-PCR)
was performed according to the protocol supplied with the Tag-
Man Gold RT-PCR kit (Perkin-Elmer). Reactions contained 1 X
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TagMan buffer A, 5.5 mM MgCl,, 0.3 mM each of dATP, dCTP,
and dGTP, 0.6 mM dUTP, 0.4 units per microliter RNase inhibitor,
0.025 units per microliter AmpliTaq Gold DNA polymerase, and
0.25 units per microliter MultiScribe reverse transcriptase. Primers
and probes were added at 900 nM for NPY, chromogranin B,
proenkephalin, and PNMT forward and reverse primers and at 200
nM for the TagMan probes (see Table 1, which is published as
supplemental data on the PNAS web site, www.pnas.org). 18S
primers and probes were added at 50 nM. After reverse transcrip-
tion at 49°C for 30 min, AmpliTaq Gold was activated at 95°C for
10 min. Thermal cycling proceeded with 40 cycles at 95°C for 15 s
and 1 min at 60°C. Input RNA amounts were calculated with
relative standard curves for all mRNA of interest (NPY, chromo-
granin B, proenkephalin, and PNMT) and 18S. Division by the
amount of 18S RNA in each sample corrected the amounts of input
mRNAs. All expression studies were performed at P15.

Assay of Tissue Plasma and Tissue Plasma Catecholamines. Blood for
plasma catecholamine analysis was taken by cardiac puncture under
ether anesthesia. P15 adrenals were homogenized in cold 0.4 M
perchloric acid. Homogenates were centrifuged at 4°C, and super-
natants were stored at —80°C. Catechols from plasma or adrenal
tissue supernatants were adsorbed on alumina, eluted, separated by
liquid chromatography, and quantified by electrochemical detec-
tion according to a previously described method (25). Interassay
coefficients of variation were 6.5% for norepinephrine and 11.4%
for epinephrine. Intraassay coefficients of variation were 1.9% for
norepinephrine and 3.0% for epinephrine.

Plasma Corticosterone Levels and Plasma ACTH Levels. Blood was
collected from 15-day-old mice by decapitation at 9:00 a.m. by
using nonheparinized capillary tubes. Plasma was stored at
—70°C until analysis. Plasma corticosterone levels and ACTH
levels were determined quantitatively by RIA (Bierman, Bad
Nauheim, and Brahms Diagnostica, Berlin, Germany). The
inter- and intraassay coefficients of variation were both <8%.

Statistical Analysis. Data are presented as mean = SEM and were
analyzed by Student’s ¢ test or the Mann—Whitney u test,
depending on their distribution pattern.

Results

Catecholamine Histofluorescence. The L-DOPA supplementation
that rescued the TH-null embryos was stopped at birth. Adrenal
glands from TH-null and WT pups were monitored for the
presence of catecholamines by glyoxylic acid-induced histofluo-
rescence beginning on the day of birth (PO) until P8 (Fig. 1).
Strong catecholamine histofluorescence was present in WT on
PO, and the histofluorescence became increasingly brighter with
age, indicating increasing content of catecholamine. There was
fainter but visible catecholamine histofluorescence in TH-null
also on P0. But in contrast to the WT pups, the histofluorescence
in the TH nulls decreased with time (Fig. 1). Brightly fluorescent
vesicles were present in the TH-null adrenal on PO and P1,
indicating the presence of cells that contain catecholamines.
Histofluorescence diminished and was barely detectable on P6,
indicating loss of catecholamines during the first week. Mor-
phometry comparing the adrenals of TH-null and WT mice at
P15 did not reveal differences in adrenal diameter. The mean
area of the three largest sections of the WT adrenal was 567.2 =
5 mm? compared with 549.7 = 3 mm? for TH-null mice (n = 3).

Adrenal Catecholamine Content. Adrenal levels of both cat-
echolamines were markedly reduced in TH-null mice. Epinephrine
levels were 1.70 = 0.32 pmol/adrenal. Norepinephrine levels were
1.51 = 0.20 pmol/adrenal (n = 8). Control levels were measured at
3,399 = 770 pmol/adrenal for epinephrine and 2,469 * 568
pmol/adrenal for norepinephrine (n = 6) (P < 0.001) (Fig. 24).
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Fig. 1. Glyoxylic acid-induced catecholamine histofluorescence in adrenal
chromaffin cells of rescued TH-null and WT mice at PO, P1, P2, P3, P6, and P8.
Adrenal chromaffin cells from WT pups of each age show intense fluores-
cence. At birth (P0) and on P1, the adrenal chromaffin cells of the TH-null mice
have less intense fluorescence than that of the WT pups but do contain readily
visible histofluorescence, indicating the presence of catecholamines. On P2,
only a few cells appear to be intensely fluorescent and after that, histofluo-
rescence is barely detectable in the TH null.

Plasma Catecholamine Levels. At P15, when the molecular and
cellular analysis of the adrenals was performed, plasma cat-
echolamines were extremely low in the TH-null mice. Plasma
norepinephrine was 0.38 £ 0.17 pmol/ml (» = 8) in TH-null
mice compared with 10.34 = 1.36 pmol/ml (n = 13) in WT (P <
0.001). Plasma epinephrine levels were 0.21 = 0.04 pmol/ml (n =
8) in TH-null mice compared with 3.08 = 0.65 pmol/ml (n = 13)
in WT mice (P < 0.001) (Fig. 2B) This represents a 96.3%
reduction of the norepinephrine levels and a 93.2% reduction in
epinephrine levels in the TH-null mice compared with WT mice.

Ultrastructural Analysis of the Adrenal Medulla. The adrenal medulla
of TH-null mice at P15 revealed striking ultrastructural changes as
compared with WT animals (Fig. 3). Chromaffin cells in WT mice
contained many large dense-core vesicles, 60—400 nm in size (Fig.
3A4). The two principal types of chromaffin vesicles were epineph-
rine containing large, round, or elongated medium-density vesicles
with a particulate substructure and small norepinephrine-
containing electron-dense vesicles. By contrast, adrenomedullary
cells in the TH-null mice contained relatively few chromaffin
vesicles, and those that were present were smaller in diameter (Fig.
3B). Although some cells demonstrated a few vesicles, other cells
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Fig.2. Adrenal (4) and plasma (B) catecholamines in WT and TH-null (TH—/-)
mice at P15. Norepinephrine (NE) and epinephrine (EPI) were quantitated after
liquid chromatography. Data are expressed as mean = SEM catecholamine pro-
duction: pmol/adrenal gland or pmol/ml, (TH—/—n =8, WT n = 13, P < 0.001)

had no vesicles that could be detected (Fig. 3B). The chromaffin
vesicles were varied in size with an electron-dense pattern. Most of
the remaining chromaffin vesicles lined up along the cell membrane
like a string of beads (Fig. 3 C and D). The cells contained a
substantial amount of rough endoplasmic reticulum, indicative of
active protein synthesis with (Fig. 3 C and D). There was an increase
in the number of mitochondria. In addition to the elongated
cristae-like mitochondria seen in normal chromaffin cells in the

Fig.3. Electron micrograph of chromaffin cells of TH-null and WT mice at P15.
In WT mice, chromaffin cells display cytoplasm filled with chromaffin vesicles, the
darkly stained secretory granules (A). In TH-null mice adrenomedullary cells are
depleted in chromaffin vesicles (CV) (B), Nuc, nucleus. (Bar = 0, 5 um.) Frequently
remaining chromaffin vesicles are lining up along the cell membrane (see arrows,
Cand D). The cells contain large amounts of rough endoplasmic reticulum (Rer)
and oval-shaped or elongated mitochondria (Mit) (C and D) (Bar = 0, 1 um.)
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Fig. 4. Immunostaining of adrenals of TH-null mice and WT animals at P15.
Both the chromaffin cells in TH-null and WT animals stain intensely with
anti-PGP 9.5, a neurospecific protein (A and B). The intensity of the immuno-
histofluorescence for the neuropeptides M-Enk and NPY is enhanced in TH-
null mice (D and F) compared with WT animals (C and E).

TH-null mice, some mitochondria were more round with tubular
internal membranes.

Immunohistochemical Analysis of Adrenomedullary Proteins and Neu-
ropeptides. Immunohistochemical analysis with an antibody di-
rected against the neurospecific protein PGP 9.5 resulted in strong
staining of the entire adrenal medulla indistinguishable from that
seen in WT tissue, indicating normal formation of the adrenal
medulla (Fig. 4 4 and B). Biochemical differences between the two
genotypes were pointed to by the enhanced intensity of immuno-
histofluorescence for the neuropeptides M-Enk and NPY in chro-
maffin cells of TH-null mice (Fig. 4 C—F). Whereas the majority of
chromaffin cells stained for NPY, M-Enk showed a scattered
pattern of immunostaining both in WT and TH-null animals.

Quantitative Expression Analyses of Proenkephalin, NPY, Chromo-
granin B, and PNMT mRNA. In the TH null, proenkephalin mRNA
was increased 5-fold (502.8 = 142% vs. 100 £ 17.5%; P = 0.016)
(Fig. 5a). NPY mRNA expression was increased 2-fold (213.4 +
41.2% vs. 100 = 59.9%, P = 0.014) (n = 4) (Fig. 5b). Chromogranin
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Fig. 5. Reverse transcription-PCR as determined by quantitative TagMan

PCR for proenkephalin mRNA (a), NPY (b), chromogranin B mRNA (c), and
PNMT mRNA (d) in TH-null compared with WT mice at P15 (n = 4; *, P < 0.05).
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Fig. 6. Electron micrograph of adrenocortical cell of TH-null mice and WT
animals at P15. Adrenocortical cells of WT mice show ample smooth endo-
plasmic reticulum and round tubulovesicular mitochondria (Mit). (A) In TH-
null mice, internal mitochondrial membranes are reduced, and there is an
increase in liposomes (lip) (Bar = 0, 1 um).

B (one of the major proteins in chromaffin vesicles) mRNA
expression was 185.7 = 40.26% in TH-null mice vs. 100.0 = 16.3%
in WT animals (Fig. 5¢). This increase was not significant. The
expression of PNMT mRNA as determined by TagMan PCR was
103.7 * 27.0% in TH null vs. 107.9 = 20.0% in WT (values are
relative to the expression of 18S mRNA) (Fig. 5d).

Ultrastructural Analysis of the Adrenal Cortex. Adrenocortical ul-
trastructure was also altered compared with WT animals. Ad-
renocortical cells of WT mice demonstrated ample smooth
endoplasmic reticulum and the characteristic mitochondrial
structure with tubulovesicular cristae (Fig. 64). Mitochondria in
TH-null mice displayed a reduction in internal membranes with
a more tubular appearance compared with WT. An increase in
liposomes was also seen compared with WT animals (Fig. 6B).

Plasma Corticosterone Levels. TH-null animals had a significant
reduction in plasma corticosterone levels. Plasma corticosterone
levels in TH-null mice were 28.77 = 11.78 ng/ml compared with
142.30 = 25.02 ng/ml (P < 0.01) in WT animals (n = 8 for both
group) (Fig. 7). Plasma ACTH levels were not significantly
different in TH null (102.28 = 52.8 pg/ml) (n = 5) compared
with WT (113.4 = 47.5 pg/ml) (n = 7).

Discussion

Proper functioning of the adrenal gland requires an intact
interaction between the cortex and the medulla. The results of
the present study vividly demonstrate that disruption of adrenal
catecholamine biosynthesis in TH-null mice induces structural
and molecular changes in both endocrine systems of the gland.
Although the adrenals are a major source of catecholamines,
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Fig.7. Plasma corticosterone levelsin TH-null compared with WT mice at P15
(n=8; **, P<0.01).

particularly epinephrine, these organs have not been extensively
studied in transgenic models with gene deletion of catechol-
amine biosynthesis enzymes (20-22). The mice studied here
lacked two enzymes that provide L-DOPA for catecholamine
synthesis: the major enzyme TH of the catecholamine pathway
and also tyrosinase localized in melanocytes and other cells. We
have found previously that it is necessary to eliminate both
enzymes because tyrosinase can supply enough L-DOPA to fuel
low levels of catecholamine synthesis even in the absence of TH
in pigmented mice (20). Therefore, we chose to examine albino
mice that lack both TH and tyrosinase and that make barely
detectable catecholamines (20). The TH-null albino adrenal
glands were examined for these studies 15 days after birth when
there is virtually no adrenal catecholamine present (20). How-
ever, the mutant adrenal glands developed during fetal life and
for the first few days after birth in the presence of some
catecholamines. After the first week of life, catecholamine
histofluorescence was barely detectable in the mutants. We saw
that adrenal catecholamine histofluorescence in the TH-null
mice was faint compared with wild type even on the day of birth
and disappears during the first week. The source of the early
catecholamine is L-DOPA, which must be administered in the
drinking water of the pregnant mothers to avoid the death of the
TH-null fetuses.

By P15, when the molecular and cellular analyses of the adrenals
were performed, the adrenal catecholamine levels were reduced by
more than 1,000-fold in the mutants. Although adrenal catechol-
amine production in TH-null mice was virtually absent, the size and
histology of the adrenal medulla were normal. Staining for PGP 9.5,
an abundant protein in the nervous system belonging to the family
of ubiquitin carboxyl-terminal hydroxylases, was also normal (26).
PGP is expressed in the chromaffin cells from early embryonic
development to adult life. The expression of this protein is inde-
pendent of the maturation or presence of chromaffin vesicles (27).
Thus, light microscopic analysis revealed a normal size and struc-
ture of the adrenal medulla.

In contrast, electron microscopy of adrenal cells demonstrated
impressive ultrastructural alterations with severe depletion of chro-
maffin vesicles in chromaffin cells. The degranulation seen in
TH-null mice, similar to that seen in mice subjected to severe forms
of stress, such as water immersion or restraint, induces a marked
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decrease in the number of secretory vesicles in the chromaffin cells
(28). The remaining few secretory vesicles in the chromaffin cells of
the TH-null mice may retain active secretory function as suggested
by their position in a line next to the cell membrane appearing ready
for exocytosis. The chromaffin cells in TH-null mice contained
greater-than-normal quantities of rough endoplasmic reticulum,
pointing to increased protein synthesis.

This state is not compatible with an inactive cell that has
down-regulated its activity because its major function, catechol-
amine biosynthesis, has been shut down. Instead, it is reminiscent
of pheochromocytoma cells or other neuroendocrine tumor cells
with increased hormone secretion. Therefore, to analyze the func-
tional state of the chromaffin cells in TH-null mice, we performed
a quantitative mRNA analysis of proenkephalins, NPY, chromo-
granin B, PNMT, and immunostaining for M-Enk and NPY.
Enkephalin, NPY and chromogranins were chosen because they
are major components stored with catecholamines in chromaffin
cells (29-32). Although M-Enk constitutes the most abundant
neuropeptide produced by chromaffin cells and correlates with
catecholamines, NPY is regulated in a differential manner after
neural activation (18, 33, 34). In TH-null mice, there was an
increase in pro-enkephalin RNA levels and a clear increase in the
intensity of the immunofluorescence of the enkephalin-positive
cells in the adrenal medulla. Studies that examined the level of
regulation of proenkephalin synthesis by catecholamine-depleting
agents in vitro have produced mixed results, with some groups
reporting decreases in proenkephalin mRNA and others an in-
crease after incubation with reserpine and/or tetrabenzamine
(35-38). Our study demonstrates that deletion of the TH gene leads
to a complete abolition of adrenal catecholamine production and an
increased expression of proenkephalin mRNA. Similar to enkepha-
lin expression, there was also a marked increase in NPY mRNA and
in the intensity of NPY staining in the medulla of the TH-null mice.
Both enkephalin and NPY are regulated by the neural input to the
adrenal medulla (32, 34). Therefore, this increase in neuropeptide
production may be the consequence of an increased preganglionic
stimulation of the chromaffin cells in TH-null mice. The increase in
protein production is consistent with the abundant rough endo-
plasmic reticulum found in the cells. Pro-enkephalin and NPY gene
expression are controlled by AP1 transcription factor, which may
mediate this increase (39, 40).

Enkephalins and NPY are regulated by glucocorticoids (41, 42).
It has been previously suggested that a neural mechanism, such as
splanchnic nerve activation, may explain the increase in adrenal
NPY mRNA seen in corticosterone deficiency (43). In this respect,
the decrease in corticosterone levels found in the TH-null mice may
contribute indirectly to the increase in NPY expression.

The expression of chromogranin B, a major vesicle compound
in the adrenal medulla of mice, was not significantly altered in
the TH-null mice. Chromogranin B levels have been shown to be
unaffected by hypophysectomy and consequently low cortico-
sterone levels and were not significantly affected by increased
neuronal activity generated with insulin treatment (34). This
concurs with our findings in the TH-null mice and confirms the
notion that different classes of secretory proteins presented in
chromaffin vesicles are regulated by different mechanisms.

The expression of PNMT, the enzyme responsible for the
methylation of norepinephrine, was not changed in TH-null
mice. PNMT expression is regulated by glucocorticoids and
neural input to the gland (6, 35). Administration of the cate-
cholamine-depleting drug reserpine results in a brief increase,
followed by a dramatic decrease, in the level of PNMT mRNA
in the adrenal medulla (19). Glucocorticoid deficiency leads to
a marked down-regulation of PNMT expression (7, 44). How-
ever, a significant decrease, which may have been caused by
decreased local glucocorticoid action in the TH-null mice, could
have been masked by augmented preganglionic activity.

Bornstein et al.



Interestingly, there were also marked changes in adrenocortical
structure. Although there was no atrophy of the adrenal cortex,
ultrastructurally the organelles of cortical cells displayed features of
a hypofunctional state. Steroidogenesis takes place in the mito-
chondria and smooth endoplasmic reticulum (SER) of the adre-
nocortical cell. The morphology of these organelles is related to the
biochemical and functional activity of the cell. Thus, there is
dilatation of the SER and an increased density of internal mem-
branes of the mitochondria in ACTH-stimulated cells but a reduc-
tion of SER and internal mitochondrial membranes in hypophy-
sectomized animals (45). Our results suggest a reduced activity of
steroid biosynthetic enzymes. These data are in keeping with our
finding of an increase in the number and size of cytoplasmic
liposomes that store cholesterol, the substrate for steroid biosyn-
thesis (45). This result is also in accordance with the marked
reduction of circulating plasma corticosterone levels found in these
animals.

Considerable evidence from brain lesion studies and microdialy-
sis analyses demonstrates an important role for neurotransmitters
and neuropeptides in the central control of hypothalamic-pituitary
function (46, 47). Norepinephrine is a potent stimulator of CRH
neurons in the paraventricular nucleus thereby activating pituitary
ACTH and adrenal corticosterone secretion (48). Cats subjected to
lesions in the hypothalamus had low adrenal steroid output and
adrenocortical cells that were filled with fatty droplets (46). These
data are consistent with the ultrastructural findings in the adreno-
cortical cells in the TH-null mice containing an increased number
of lipid droplets. ACTH levels were not significantly reduced in the
TH-null animals, suggesting that the cause of the adrenocortical
insufficiency is primarily an adrenal mechanism. However, al-
though ACTH plasma values are in the normal range, they are
inappropriately low for the decrease in corticosteroids. Therefore
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the failure of TH-null mice to respond with a compensating
increase in pituitary ACTH implies also a central defect at the
hypothalamic and/or pituitary level.

In conclusion, disrupting catecholamine biosynthesis in TH-
null mice is associated with striking morphologic and functional
changes in both the adrenomedullary and adrenocortical sys-
tems. There are intricate interactions between the medullary and
cortical adrenal cells that contribute to the control of hormonal
output from the gland. The concept that the endocrine function
of the adrenals can be adequately interpreted by studying the
functions of individual endocrine cells in isolation is useful but
does not always reflect in vivo function (49). The intricate
neuroendocrine communication between the HPA axis and the
autonomic nervous system occurs at peripheral and central levels
and is of relevance to clinical medicine (1, 2, 50, 51). Patients
with mutations in the TH gene (52, 53) have recently been
discovered, and there are many diseases associated with cate-
cholamine depletion and/or adrenomedullary impairment, in-
cluding diabetes (54, 55), Addison’s disease (56), 21-OH defi-
ciency (7), and prenatal hypoxemia (57). Alteration in
catecholamine pathways will therefore result in an increase in
susceptibility to various stressors because of impaired function of
both the autonomic nervous system and the HPA axis. Trans-
genic models with a defined defect in one component of the
stress system are a valuable tool in elucidating the mechanisms
of these interactions and coordinated functioning in vivo.
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